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In this study, a modified L-box apparatus was developed for testing the segregation resistance of self-compacting concrete (SCC). Extensive test programmes of concrete mixes were conducted using a modified L-box to determine segregation coefficient (SC) of SCC. The concrete mixes contained Portland cement replaced by different amounts of limestone powder, silica fume and fly ash, and they had different slump flow values. The SC was obtained by analysis of variance of the volumetric ratio of coarse aggregate to concrete in the sample and original mixture. The test results show that the developed apparatus and method are useful for a rapid assessment of the segregation resistance of SCC exposed to obstacles or confined flows. V cs i volume of concrete sample at partition i (mm 3 ) V go volume of coarse aggregate in original mixture (mm 3 ) V gs i volume of coarse aggregate at partition i (mm 3 ) x o volumetric ratio of coarse aggregate to concrete in original mixture x s i volumetric ratio of coarse aggregate to concrete in sample mixture at partition i
Introduction
Segregation can be defined as the ability of coarse aggregates to migrate or sink in mortar. Segregation resistance is one of the most important attributes of self-compacting concrete (SCC) (Bonen and Shah, 2005) and is characterised by the ability to spread easily and to self-consolidate without exhibiting any significant bleeding, settling or segregation of its constituents. However, being able to flow easily and maintaining stability are contradictory properties. Fluidity can be achieved to the detriment of stability, which becomes the most sensitive characteristic in many SCC compositions.
Resistance to segregation is the property of fresh concrete of maintaining its uniformity against segregation actions such as external forces during placement (dynamic segregation) or gravity forces at rest (static segregation). Static segregation consists of the sedimentation of the coarsest aggregates of the suspension under gravity forces. In both cases, weak resistance to segregation implies heterogeneity of the resulting mechanical strength. In this context, it is of great importance to ensure that tests and procedures are developed to effectively determine the segregation features of SCC (Mouret et al., 2008) . The stability of SCC is affected by numerous variables. Those variables can be internal to the mixture itself, such as the mixture proportions or raw material characteristics, or external to the mixture, such as placement technique, drop height or congestion of reinforcement. These variables can be separated into two main categories: proportioning variables and application variables (Daczko, 2002) .
In view of the central role of segregation, several test methods have been proposed for evaluating the stability of a mixture. One popular method is based on the visual stability index (VSI) of the slump flow of SCC and rating it visually from 0 to 3 in increments of 0 . 5, where a 0 rating represents no segregation and a rating of 3 represents severe segregation (PCI SCC, 2003) . However, visual evaluation of bleeding and aggregate segregation according to the slump flow test may be misleading, because it only evaluates lateral stability (dynamic stability). It follows that mixtures that segregate during slump flow would definitely segregate after placement, but the lack of segregation during a slump flow test does not necessarily imply that the mixture is resistant to segregation (static stability) (Bonen and Shah, 2005) .
Moreover, the sedimentation that takes place through horizontal flow might differ from the corresponding sedimentation in the formwork. Another common method is based on column tests. In this method, the mixture is cast into a few cylindrical sections that are mounted on top of each other. At a predetermined time before hardening, the sections are removed and the coarse aggregate content in each of the sections is determined by wet sieving (Brameshuber and Uebachs, 2002) .
Gamma densitometry (D'Aloia Schwartzentruber et al., 2005; Schwendenmann et al., 2005) and image analysis (Khayat and Guizani, 1997; Picka et al., 2000) are used to evaluate the homogeneity of hardened concrete. These methods enable direct analysis at the scale of a structure, but they are usually destructive methods because they require core sampling (Mouret et al., 2008) . Measurement of electrical conductivity at the early stage of hydration is a non-destructive method for estimating the segregation of concrete (Khayat et al., 2005) . This method is sensitive to bleeding rather than settling of the aggregate. The eddy current method, which consists of monitoring the position of a single metallic aggregate particle within fresh concrete, is used as a nondestructive method for testing segregation (Shen et al., 2005) . A scintillation camera, which observes and records the settling of radioactively tagged aggregate, can also be used to monitor aggregate settlement in fresh concrete (Petrou et al., 2000) . Even though the latter three techniques were developed for the rapid testing of the fresh concrete, they are only suitable for laboratory use because they require sophisticated instruments that are not readily available on building sites (Mouret et al., 2008) .
Additional methods correlate the measured rate of sedimentation of the aggregate and the rate of a penetration device. developed a penetration apparatus that is placed on fresh concrete in the horizontal section of an L-box and the depth of penetration is measured after 45 s. A satisfactory segregation resistance is achieved if the penetration depth of the cylinder head of the apparatus is less than 8 mm. Another version of this apparatus was based on the penetration depth of a hollow metal cylinder (Bui and Shah, 2002) . More recently, Shen et al. (2005) developed a new penetration probe made of a 130 mm diameter ring connected with a 150 mm high rod marked with a scale. A smaller 100 mm diameter ring has also been evaluated. The probe is made of 1 . 6 mm diameter steel wire and has a total weight of about 18 g. Concrete is cast into a 1503300 mm cylinder and, after 2 min of undisturbed rest, the probe is placed on the concrete surface for 1 min. The stability rating is then evaluated from the results.
The segregation column test is the most complete tool for laboratory and on-site use for obtaining a rapid or in-depth evaluation of concrete stability. This apparatus has been in use for a long time (Sidky et al., 1981) and has recently found favour again with the emergence of highly flowable concretes such as SCC (Mouret et al., 2008) . In North America, it has been found that this test is appropriate for determining the distribution of coarse aggregate throughout a column and could be adopted for testing SCC at a batching plant or job site (Assaad et al., 2004) . Accordingly, it was selected by the ASTM subcommittee on SCC (C09 . 47) as a method to be released to the concrete industry (Daczko and Vachon, 2005) . The sieve segregation test was designed in accordance with the recommendation of the European guidelines for SCC (BSI, 2010) . A 5 mm perforated steel plate sieve complying with BS 410-2 (BSI, 2000) was employed for the test. The segregation index was determined as the ratio of the weight of materials in the base receiver to the weight of concrete poured onto the sieve. This segregation index is taken as an integrated measure of the sedimentation of the aggregate particles and the segregation of the concrete. As both sedimentation and segregation are results of insufficient cohesiveness, the segregation index may also be taken as a measure of the degree of insufficient cohesiveness of the concrete. A high segregation index indicates low cohesiveness, whereas a low segregation index indicates high cohesiveness (Kwan and Ng, 2010) . However, this method to test segregation is difficult and time consuming. Safawi et al. (2004) developed a test method to determine the segregation tendency in the vibration of high-fluidity concrete; this method is similar to the column segregation test (Sidky et al., 1981) .
The methods given above were only developed to test the static stability of SCC. However, it must not be forgotten that factors other than gravity may induce segregation in concrete. Indeed, obstacles or confined flows may generate flow conditions in which the suspending fluid is not able to carry its particles (Daczko, 2002) . Shen et al. (2009) developed a numerical model based on rheology and fluid dynamics to calculate dynamic segregation (i.e. the separation of aggregate when the concrete is flowing).
A test method to evaluate the segregation behaviour of concrete in the case of obstacles or confined flows is thus needed. In this work, a modified L-box apparatus was developed and used to test the segregation resistance of SCC. After a passing ability test was performed on the SCC sample with a modified L-box, the segregation control test was performed using this concrete sample. The proposed method is easy and fast when compared with other methods.
Materials and mix proportion
The cementitious materials used were Portland cement (PC) 42 . For all the concrete mixtures, different contents of FA, SF and LP, as well as a particular type of high-range water-reducing admixture (HRWRA), were used to enhance self-compactability. A modified polycarboxylate-based polymer, which had a specific gravity of 1 . 05, was used as the chemical admixture.
Assuming SSD conditions for the aggregates, the mix proportions for all concretes are given in SF5  475  171  9  25  --949  343  429  SF10  450  182  9  50  --927  335  419  SF15  425  206  9  75  --887  321  401  SF20  400  210  9  100  --875  317  396  LP15  425  158  8  -75  -961  347  434  LP30  350  147  8  -150  -969  350  438  LP45  275  133  8  -225  -984  355  445  LP60  200  128  8  -300  -985  356  445  FA20  400  184  7  --100  916  331  414  FA30  350  196  7  --150  890  322  403  FA40  300  198  7  --200  879  318  398  FA50  250  201  7  --250  868  314  393  Sf10  450  231  9  50  --856  310  386  Sf15  425  237  9  75  --842  305  380  Sf20  400  242  9  100  --830  300  375  Lp15  425  231  8  -75  -854  309  385  Lp30  350  231  8  -150  -846  306  382  Lp45  275  231  8  -225  -839  304  379  Fa20  400  242  7  --100  831  301  375  Fa30  350  242  7  --150  823  298  372  Fa40  300  242  7  --200  815  295  368   Table 2 . Mix proportions of all SCC mixes used (kg/m 3 )
15 to 60% with LP on a mass basis. The concretes produced in this study were considered in two groups. One group had a slump flow diameter conforming to the European Federation for Specialist Construction Chemicals and Concrete Systems (EFNARC, 2005) , while the other had slump flow values greater than or equal 850 mm, tending to segregation (see Table 3 ). To identify the SCC mixes, the mixtures satisfying the EFNARC limit values are labelled with upper case letters (SF, LP, FA) while the others use a lower case second letter (Sf, Lp, Fa).
The mixing sequence consisted of homogenising the aggregates and cement for 1 min before adding water and superplasticiser. The superplasticiser was then mixed thoroughly with the mixing water and added to the mixer, and the concrete was mixed for a total of 4 min.
The mix designs for the SCCs were developed by means of trial mixes based on guidance given by EFNARC (2005) . The slump flow T 500 and L-box tests described in EFNARC were conducted to test the filling ability, viscosity and passing ability of the SCC mixes respectively. For the workability tests, slump flow values of one group were targeted between approximately 700 and 750 mm, while those of the other group targeted at values greater than or equal 850 mm. The fresh properties of the 21 different concretes are summarised in Table 3 . The results obtained from these tests showed that the SF, LP and FA concretes generally had good viscosity, filling and passing ability, except for the viscosity of SCC mixtures with SF. In contrast, the Sf, Lp and Fa concretes did not satisfy the workability properties of SCC.
Apparatus and testing procedures
Apparatus The L-box apparatus was originally used to test the passing ability of SCC and is well described in the literature (EFNARC, 2005) . The L-box consists of two compartments separated by a gate and a set of reinforcing bars with a predetermined spacing. The vertical compartment is filled with concrete, the gate is lifted and the concrete flows through the rebar into the horizontal box. After the concrete comes to rest, the passing and flow abilities are expressed in terms of the ratio of the heights of the concrete in both compartments. The nearer this blocking ratio is to one, the better the flow and passing ability of the mixture.
In the segregation control of the fresh SCC mixtures in this study, the L-box test apparatus used had a few simple modifications (Figure 1 ). The dimensions of the modified L-box are similar to those of the original L-box, except that the height of the horizontal section is 250 mm instead of 150 mm due to the addition of 100 mm guides. Three metal slides are used to divide the fresh concrete into three portions. First, slide 1 is positioned in front of the smooth bars, while slides 2 and 3 are positioned at equal spacings between the smooth bars and the end of the horizontal section of the L-box. The sides of the horizontal section of the L-box have guides to ensure vertical insertion.
Metal slides are inserted through the guides into the fresh concrete. Gate 2, which is used to take fresh concrete among the slides, was located at the end of the horizontal section of the L-box (Figure 1 ).
Testing procedure
The testing procedure was conducted as follows. 
The SSD density of the coarse aggregate D ssd is known from mix calculations and has a value of 2 . 72. The weight of the coarse aggregate in water in partition i can be easily found by weighing the coarse aggregate in water. Thus, the volume of the coarse aggregate V gs i in partition i can easily be calculated using Equation 4 without the SSD weight of the coarse aggregate (G ssd i ). Table 3 . Test results (g) Find the volume of the concrete by the trapezoid or rectangular shape in partition i using the geometrical relationships in Figure 2 .
(h) As indicated in Figure 4 , find the volumetric ratio of the coarse aggregate to the concrete in the sample mixture at partition i from
Find the volumetric ratio of the coarse aggregate to the concrete in the original mixture in Table 2 x Segregation control of SCC with a modified L-box apparatus Turgut, Turk and Bakirci
A total of about 8 min was needed to split the concrete into three samples, clean each aggregate portion, determine the aggregate volume and calculate the SC. Considering all these factors, this method really can be used on site as a quality assurance method, while both truck driver and the contractor wait a short time for the verdict.
Results and discussion
Concrete mixes containing different amounts of LP, SF and FA replacing PC by weight, with different slump flow values, were tested using a modified L-box to determine a SC for SCC. After completing the passing ability test, the weight of the coarse aggregate in water in each partition was found. The volumes of the coarse aggregate and fresh concrete in each partition of the modified L-box were calculated using the equations given earlier. The results of slump flow, volumetric ratio of coarse aggregate to concrete in the sample and original mixture, and the SC values are shown in Table 3 . As seen in Table 3 , the values of SC range between 0 and 30 while the slump flow values of the mixtures range between 720 and 1050 mm. When the slump flow value is considered to evaluate the SC values as a criterion for the occurrence of segregation, it can be seen from Figure 5 that a low SC value indicates high cohesiveness while a high SC value indicates low cohesiveness. Besides, the VSI is also determined by rating the apparent stability of the slump flow paddy (Daczko and Kurtz, 2001 ). However, the VSI can be misleading in that static segregation might occur even for a visually stable (low VSI) mix. Moreover, the VSI value depends on the technician's judgement and experience so a rapid test method to determine what the eye cannot see is needed.
The SC values are plotted against slump flow for each concrete mix in Figure 6 , which shows that the SC values generally decrease as the slump flow increases by increasing the water/ binder (W/B) ratio. When the slump flow was less than or equal to 740 mm, the SC value in general varied between 0 and 5, but when the slump flow was greater than 740 mm, the SC value increased. This indicates that there is a threshold value of SC above which no segregation occurred for the concretes tested. However, the value of SC ¼ 5 obtained only corresponds to this particular set of concretes. So, to ensure that fresh SCC has satisfactory segregation resistance, the following criteria are proposed: concrete has good segregation resistance if SC < 5 and poor segregation resistance if SC . 5.
If SC < 5, the coarse aggregate particles remain dispersed throughout the mortar matrix when SCC flows in the horizontal portion of the L-box. Otherwise, unsuitable mix proportioning causes segregation of the concrete, resulting in the coarse aggregate particles becoming segregated from the mortar matrix when the concrete flows in the horizontal portion of the modified L-box.
This method has some important advantages over other techniques. One benefit is that the volume of the coarse aggregate can be found easily by weighing it in water without any treatment (i.e. without oven drying or making it SSD) by using Equation 4, in which D ssd is known from the mix design. The volume of the concrete at each partition, instead of its weight, is easily determined from the trapezoidal or rectangular shape of the concrete after levelling. Some researchers Mouret et al., 2008; Safawi et al., 2004) have used the SSD or oven-dry weight of the aggregates to determine the SC and also determined the concrete weight instead of its volume. However, these are slow and laborious processes for testing segregation resistance. Another advantage of the proposed method is that the passing ability and segregation control tests are made on the same concrete sample, thus reducing the required testing time and laboratory work for segregation testing.
Conclusions
A number of extensive tests were conducted in this work and a simple and rapid test method for determining the segregation resistance of SCC was developed. The test results show that the proposed method and developed apparatus are convenient for a rapid evaluation of the segregation resistance of SCC. The suggested method has several important advantages. Segregation control of SCC with a modified L-box apparatus Turgut, Turk and Bakirci
